Present understanding of the epikarst stems from a convergence of ideas on its biological (Rouch, 1968) and hydrological function (Mangin, 1973 (Mangin, , 1975 Bakalowicz et al., 1974) and its geomorphological role (Williams, 1972) . Rouch recognised that a perched water body between caves and the surface was required for the maintenance of aquatic cave organisms that appeared in percolation water; Mangin named and defined the epikarst aquifer; Bakalowicz et al. identified its delaying function as recharge passed through the vadose zone following rain; and Williams recognised the significance of subcutaneous processes in the evolution of surface landforms, and later brought the hydrological and geomorphological ideas together (Williams, 1983 (Williams, , 1985 . Further important contributions to our understanding were made by Smart & Friederich (1987) , Klimchouk (1987 Klimchouk ( , 1995 Klimchouk ( , 2000 Klimchouk ( , 2004 , Klimchouk et al. (1996) , Perrin et al. (2003) , Trcek (2003) , Palmer (2004) and others (see contributors to Jones et al., 2004b) . The evolution of concepts relating to the epikarst is discussed by Bakalowicz (2004) and Williams (2004) and a review of current understanding of its hydrological function and geomorphological significance is presented in Ford & Williams (2007) .
When present, the epikarst consists of a near surface zone of weathered limestone with high secondary porosity (10-30%). It can outcrop directly at the surface or occur immediately beneath the soil. The epikarst gradually gives way to the main body of the vadose zone that comprises largely unweathered bedrock with a porosity that is usually < 2% in dense, crystalline limestones and is mainly provided by fissures. The high storage capacity, highly variable void distribution and spatially variable nature of water flow within the epikarst distinguishes it from the rest of the underlying vadose zone, which functions mainly as a transmission zone (Bakalowicz, 1995) with minimal storage. When developed to its fullest expression, which is in pure, dense limestone and marble, there is a strong contrast in porosity and permeability between that near the surface and that found at depth (Fig. 1) . The epikarst is typically 3-10 m deep, but its characteristics can vary considerably according to lithology and geomorphological history, as emphasized by Klimchouk (2004) . Sometimes there is little or no soil, for example in the arid zone and in glacially scoured regions. In many alpine areas, where the carbonate rock has been tectonically stressed and deformed during uplift and then later unloaded by rapid erosion and deep valley incision, fissures with relatively wide apertures can be even deeper, and the epikarst can extend to 30 m or more. Conditions are then favourable for the development of deep vertical shafts. As a result surface drainage is facilitated and there may be relatively little water storage capacity in the epikarst except under patches of karrenfeld, although there may be considerable seasonal storage of snow.
The high porosity and permeability of the epikarst arises from the fact that the greatest expenditure of chemical energy on the dissolution of carbonate rocks occurs near the surface, because of proximity to the main source of CO 2 production in the soil. Ford & Williams (2007) point out that about 70% of solutional denudation in a karst catchment is usually accomplished within the top 10 m or so of the limestone outcrop and the effectiveness of corrosional attack gradually diminishes with distance from the surface CO 2 supply. The outcome of this is that the network of fissures through which percolation water passes is widened by dissolution near the surface, but the extent and frequency of widening diminishes gradually with depth. Solutionally enlarged joints taper downwards and become less numerous, as illustrated in Williams (1983) . This can be readily observed in quarries (Fig. 2) . A consequence of this is that permeability also diminishes with depth and a strong contrast in hydraulic conductivity develops between the near surface and the subsurface. Whereas relatively unweathered crystalline limestone typically has a porosity of <2%, that in the epikarst typically exceeds 20%.
In spite of the above points, field observation shows that carbonate rocks do not always have a functioning epikarst. This is either because it has not developed or because it has been removed. Sometimes, for example, the weathered 'skin' of the karst has been scoured off by glaciation, which has eroded the pre-existing zone of high secondary porosity. Sometimes it has never
International Journal of Speleology, 37 (1), 1-10. Bologna (Italy). January 2008 
2002).
developed, as is often the case in limestones with high primary porosity, such as coral and chalk, where primary porosities can be 20-45% throughout the rock. In these porous carbonates, further enhancement of porosity near the surface sufficient to give rise to a strong contrast in permeability and storativity compared to the rock below is very uncommon. On the contrary, under tropical climatic conditions where wetting and drying cycles are common, the uppermost layers of chalky limestones and emerged coral reefs frequently have less porosity than further down in the vadose zone because of case-hardening; a consequence of secondary deposition of carbonate in primary pores immediately beneath the surface (Ireland, 1979) . This effect is at its most extreme in aeolian calcarenites (carbonate dune limestones), as described by Jennings (1968) , who gave excellent examples from Australia. Mylroie & Vacher (1999) found that in such rocks case-hardening can reduce primary porosity near the surface by a factor of 10 or more.
The form of the epikarst illustrated in Figure 1 provides a model for what is normally conceptualised, but it does in fact vary considerably from place-toplace. The reason for this is that every karst has its unique combination of lithology, structure, geomorphological history and climate. The karst surface in the illustration (from the Hortus plateau in Mediterranean France) has low relief and thin patchy soil, with outcrops of karren and a few closed depressions. The epikarst is 8 -16 m deep. This situation contrasts strongly with areas of intense surface dissection such the 'stone forest' regions of Mt. Api in Sarawak, Shilin in Yunnan, China, the tsingy of Madagascar, the labyrinth karst of Nahanni, Canada, the arête and pinnacle karst of Mt Kaijende in Papua New Guinea or the giant grikelands of the Kimberley Ranges in Western Australia. These areas have wide open joints that can be 10-100 m or more deep and several metres wide at the surface. Consequently, in these places the epikarst can also be very deep. However, sometimes (as at Shilin) the epikarst terminates at the water table with no intervening vadose transmission zone. In other places widened joints are deep, but are largely full of weathered residue such as porous dolomitic sand, as in parts of the Grands Causses of southern France (such as at Montpellier-le-Vieux). Elsewhere some karsts are thickly blanketed by weathering residues or allogenic deposits (e.g. alluvium, loess, tephra, etc), as in the Sinkhole Plain of Kentucky. And by contrast, in many karsts at high latitudes, great Pleistocene glaciers have stripped the soil and truncated the epikarst, reducing it in places to only a metre or so in thickness beneath a glacio-karstic pavement surface, as in parts of Manitoba, Ontario, and western Ireland.
The form and function of the epikarst, therefore, is very variable, largely because of the numerous factors that are involved in its development, as elaborated by Klimchouk (2004) . The epikarst is the zone near the surface, but the hydrologically significant function of the epikarst aquifer can only occur in karst rocks in which subcutaneous dissolution has led to considerably enhanced secondary porosity, such that there is a strong permeability contrast between the epikarst zone and the transmission zone beneath.
STORAGE, MIXING AND TRANSMISSION IN THE EPIKARST
The variable characteristics of the epikarst described above strongly influence its capacity to absorb, store and transmit precipitation. Where the karst surface is largely bare, the uptake of water is determined by the characteristics of the rock (its vertical hydraulic conductivity); but where it is covered, it is controlled by the nature of the soil (its infiltration capacity). The storativity of the epikarst is determined by three factors: (1) the thickness and continuity of the epikarst, (2) its average porosity (these first two together determining the available storage space), and (3) the relative rate of inflow and outflow of water. The epikarst is like a colander: the capacity of the vessel to hold water is determined by the balance between the rate at which water comes in and the rate at which it drains. Whereas the average porosity is determined by the karst void space less the volume of granular fill, the drainage rate is controlled by the vertical hydraulic conductivity of the underlying transmission zone. This varies because of the uneven pattern of opened joints and faults and their variable permeability. Thus some epikarsts have a large storage potential but are rapid draining, others are frequently replenished by rain and are commonly near capacity, and some are low lying and often partly flooded by phreatic groundwaters.
Water tends to accumulate at the base of a well developed epikarstic zone, because the infiltration capacity at the surface is much greater than the rate of downwards percolation through the underlying transmission zone. The water cannot escape as freely as it got in and the excess recharge is stored in the void space of the epikarst, i.e. in the widened fissures and in the intergranular porosity of any soil they may contain. The recharge is literally held up -both detained and suspended -and it is this temporarily stored water that constitutes the epikarstic aquifer. It is perched above a leaky capillary barrier (Fig.  3) . Its piezometric surface is drawn down over the main leakage paths afforded by shafts developed down major joints (Fig. 4) and the direction of subcutaneous flow is down the hydraulic gradient into enlarged fissures. It is evident, therefore, that the epikarst is under-drained. Solution dolines are a topographic manifestation of the focussing of flow and dissolution associated with this process (Williams 1983) , and they penetrate most of the thickness of the epikarst.
Not all fissures are closed tight at the base of the epikarst; a few of them can be observed to penetrate as major openings right through the rock. As a result, these become the main drainage routes as water passes through the transmission zone. They act as the foci for centripetal flow paths that under-drain the fissured epikarst. Developing ideas from work in the early 1980s in the USSR, Klimchouk (1995) and others explained how the concentration of flow at the base of the epikarst encourages the formation of shafts and, in a particularly well illustrated paper with convincing field evidence from the Sette Comuni Plateau in the Italian Pre-Alps, he and co-authors demonstrated the efficacy of the process (Klimchouk et al., 1996) . Blind vertical shafts, sometimes known as domepits or avens, develop downwards from the base of the epikarst, and can eventually be exposed by collapse as the surface lowers. These sites of concentrated flow are the distal tributaries of drains through the vadose zone and are the main routes by which diffuse autogenic recharge is transmitted to conduits in the unsaturated zone and thence to the phreatic zone.
Heavy rainfall leads to surges of diffuse autogenic recharge and to pulses of percolation through the vadose zone (Williams 1993) . The rising volume of water within the epikarst aquifer during storm (or snowmelt) events increases hydraulic head and so produces a pressure pulse that stimulates a transfer of water. This piston effect process is distinct from the transit of individual molecules of water through the system (Bakalowicz, 1995) . These effects lead to different pulse-through and flowthrough times following a recharge event, the latter being significantly longer. The pressure pulse effect stimulated by rising head can cause percolation drips at stalactites to respond to rain within an hour or so (Fig. 5) , whereas the associated flow-through time can be weeks to months, for example with spring snow-melt being pulsed out in late summer (Klimchouk & Jablokova, 1989) .
Flow-through time can be measured directly by dye tracing. Friederich & Smart (1981) placed fluorescent dyes at several sites at the base of the soil above GB Cave in the Mendip Hills, England. Dye first appeared in the cave close to the injection site, but spread rapidly until most sites sampled in the cave were positive (Fig. 6 ). This demonstrated that lateral diffusion of dye occurred. Since some positive sample sites were 80 m laterally from the injection point and at a shallow depth, it was also evident that this diffusion took place within the top 10 m of the epikarst. The majority of the injected tracer was discharged as a high concentration pulse via shaft flow adjacent to the injection site, but part was still detectable elsewhere 13 months later. Under conditions of slow recharge, seepage inlets had the highest concentrations, but following increased recharge after rain, a sharp high concentration response was obtained again from shaft flow, thus indicating flushing from storage. At any particular time, concentrations varied significantly between adjacent inlets, indicating that they were not fed from a homogeneous store but from one that was imperfectly mixed.
Similar dye tracing experiments were conducted by Bottrell & Atkinson (1992) in the Pennine karst in England. Four different fluorescent dyes were Diffusion within the epikarst is clearly indicated.
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placed beneath the soil above White Scar Cave, where 24 water inlets were monitored. Ten traces were performed from seven injection sites. Weather conditions ranged from extremely wet to very dry. The dyes traversed the 45 -90 m thick vadose zone and were detected in the cave, sometimes within 24 hours. It was found that water did not necessarily flow to the closest inlet below the input point, but could appear over 100 m away without also appearing at inlets apparently below the intervening path. These observations suggested that flow in the unsaturated zone was through discrete systems of isolated fractures. However, what happened also depended on hydrological conditions, with greatly increased spatial dispersion of dye occurring during heavy rainfall, indicating lateral flow switching. Dye concentration at monitoring sites showed exponential decrease over time, as might be expected in a notional mixing tank. However, at some sites after rain, rather than being more diluted the dye concentration increased again, indicating a pulsed flushing effect from a dye store. This produced a 'saw-tooth' pattern of gradual decline in dye concentration over several months. Bottrell & Atkinson (1992) deduced three components of flow: (i) rapid through-flow with a characteristic residence time of approximately 3 days; (ii) a component with short-term storage and residence time of 30-70 days; and (iii) a long-residence stored component with a characteristic time of 160 days or more. Storage components (ii) and (iii) were considered probably to be in water-filled voids. Those corresponding to type (ii) are flushed slowly and constantly, whereas those corresponding to type (iii) are only flushed for short periods during high states of flow when water (and dye) is released into type (ii) storage. Similar conclusions were reached by Kogovsek (1997) following dye tracing in the epikarst of Slovenia. Three flow components were recognised in the vadose zone: rapid flow-through with velocities from 0.5-2 cm s -1 ; slower velocities of the order of 10 -2 cm s -1 ; and the slowest velocities of <0.001 cm s -1 . Sometimes the behaviour of naturally occurring tracers such as environmental isotopes and trace elements illuminates processes in the epikarst. Bakalowicz & Jusserand (1987) found from a comparison of δ
18 O values in precipitation and percolation waters that about 18 weeks was required for the transit of water through about 300 m of limestone above Niaux Cave in southern France. Using a similar method, Williams & Fowler (2002) found a few months was required to transmit water through 60 m of vadose zone to a cave in New Zealand. In more arid zones transit time is longer. Using both stable isotopes and tritium in semi-arid New Mexico, Chapman et al. (1992) deduced flow rates of between 7 and 15 m year -1 (4.8 x 10 -5 cm s -1 ) through 250-300 m of vadose zone at Carlsbad Caverns. In another semiarid region, in Israel, Even et al. (1986) found isotopic homogenization to occur quickly after infiltration, but then some waters percolated rapidly while others were detained for decades in the epikarst.
Trace elements were used as natural tracers by Tooth & Fairchild (2003) , who investigated the chemistry of drip waters in a cave in western Ireland. They developed a series of plumbing diagrams from soil zone to bedrock to help explain the geochemical evolution of water during percolation. Variations of water chemistry with discharge were used to deduce the hydrogeochemical processes occurring in the unsaturated zone, and to shed light on whether increases in drip rate are a result of direct inflow of storm water from soil macropores or due to piston flow from epikarst storage. They concluded that karst water response to recharge is dictated by the flow route taken through the soil zone (in this case comprising glacial till), the contrast between soil matrix flow and well-connected macropore flow being particularly important, with soil matrix flow being the dominant water source during dry periods. Tooth & Fairchild's (2003) work brings the hydrological role of the soil over karst into focus, and again raises the question of whether most of the water that sustains percolation should be attributed to moisture stored in the soil or to water stored in the epikarst -an issue considered by Williams in 1983. It is well known that thick soils can have a large soil water storage capacity, but when percolation is sustained throughout a long dry season in sites with only thin or skeletal soils the predominant importance of epikarstic storage is unambiguous. This is the case, for example, in the semi-arid Carlsbad Cavern region in New Mexico (Williams, 1983; Chapman et al., 1992) and in a Brazilian site studied by Sondag et al. (2003) . We also see percolation sustained in caves beneath alpine karrenfeld essentially devoid of soil. However, in most karsts water is stored in both the soil and the epikarst, with the two stores inter-digitating at the weathering front. Perrin et al. (2003) provide an interesting analysis into the relative role of soil cover and epikarst in a catchment in Switzerland. They note that although soil moisture storage may in their case amount to about 140 mm, this volume is mainly stored in the soil matrix porosity and so does not contribute significantly to the dynamic storage, although it plays a role in mixing and controlling infiltration velocities. Most dynamic storage is located in the epikarst and it plays an important role in distributing infiltration towards the phreatic (saturated) zone. Ford & Williams (2007) point out that another problem that confronts us when trying to understand the operation of the epikarst (in all its varieties) is whether it is best described as a well mixed aquifer or a system of neighbouring but essentially separate compartments. They conclude that the evidence is contradictory. The distinctive geochemistry of percolation waters from different drip points in the same cave described by Tooth & Fairchild (2003) indicates that even if some mixing occurs it is incomplete, and the fact that separate flow paths can exist is demonstrated by the dye tracing experiments discussed earlier. Separate flow routes through the vadose zone are even sometimes orientated obliquely rather than vertically. But it has also been found that dye injected into the soil above a cave can spread and during wet conditions can appear at a wider range of percolation sites in a cave than during dry conditions. This implies that there is horizontal dispersal and mixing in the epikarst when the level of saturation rises during a wet period, probably by a process of lateral decanting (or flow switching) into adjacent voids, although the mixing and dispersal is still of limited extent. Other evidence goes very much further and suggests almost perfect mixing in some cases. This evidence comes from measurements of stable isotopes in percolation waters. Goede et al. (1982) , Yonge et al. (1985) , and Even et al. (1986) showed that δ
18 O values of cave drip waters, regardless of sample site in the cave, are very close to the average annual δ
18 O values of the regional rainfall. This indicates homogenisation of recharge waters in the stores and pathways that ultimately deliver water to underlying caves. In a more recent example from New Zealand, Williams & Fowler (2002) found that while the δ 18 O of rainfall varied widely from month to month, the δ
18 O values of drips in a cave 60 m below the surface showed little variation over two years and were close in value to the average of the rainfall. In spite of that, the electrical conductivities of the cave drips were significantly different, indicating separate geochemical evolution within the percolation zone. Their drip rates and responsiveness to recharge also varied considerably.
This apparently conflicting evidence concerning hydrological processes in the epikarst could be resolved if most of the homogenisation of the stable isotope signal were to occur in the soil or in the most porous upper part of the epikarst before the recharge is captured in percolation cells or pathways through the lower epikarst, and before most geochemical evolution of percolation water in contact with limestone occurs. Since isotopic homogenisation can occur in epikarsts with very thin soils, it seems that the upper part of the epikarst can be the main homogenisation zone.
Storage volume and residence time in the epikarst is not easy to calculate. Ford & Williams (2007) conclude that evidence from semi-arid karsts indicates that storage time in the epikarst can be of the order of years or even decades, although in humid zones storage time is usually much less, of the order of months to a year. After a long dry period the epikarst drains almost entirely, although it is evident from the surviving aquatic biota (Rouch 1968 , Sket et al. 2004 ) that some water remains held by ponding in dissolution pockets and by capillary tension. Smart & Friederich (1987) estimated that in the epikarst of the Mendip Hills in England as much as 77% of annual recharge is transmitted via the highest capacity flow routes (shaft flow and subcutaneous flow), whereas only 23% percolates via the narrow low capacity seepage and vadose flow routes. They also suggested that vadose storage in the Mendip Hills could be as much as 49% of the total karst water stored, as compared to an earlier estimate based on spring flow separation of 11% for the same region by Atkinson (1977) . In the Swabian Alb of southern Germany, Sauter (1992) subdivided the subcutaneous zone into fast and slow subsystems and estimated storage within each. He estimated fast subcutaneous storage (water that can be mobilized quickly within fractures and fissures) to vary between 0.3 and 2 mm with a possible maximum of 3 mm, the subzone having a storage coefficient of approximately 0.1%. This compared to slow subcutaneous storage where maximum stored quantities range between 20 and 30 mm and the storage coefficient is about 1%.
The evolution of the epikarst and the transfer of water to the underlying phreatic zone have been modelled by Clemens et al. (1999) . They showed that the development of karst conduits in the phreatic zone is partly dependent on the temporal evolution of the distribution of recharge from the epikarst. With the enlargement of paths of rapid percolation from the epikarst, the amount of undersaturated water flowing into the underlying conduit system increases, and hence the growth of phreatic conduits is accelerated. Kiraly (2002) and Kovács (2003) have shown how the epikarst and saturated zone can be integrated in computer models of karst hydrologic systems and, amongst other things, have demonstrated that the subcutaneous layer can modify the global hydraulic response of the entire system by decreasing its recession coefficient.
CONCLUSIONS
Various investigations have been made of water movement through the epikarst and vadose zone by following natural and artificial water tracers and by making observations in caves. These have been reviewed by Ford & Williams (2007) . We now recognise that water storage in the epikarst can be permanent enough to sustain aquatic biota and that leakage from it follows a range of paths from extremely slow seepages down capillary-sized openings to variable and sometimes high volume cascades down open shafts. Empirical classifications of transmission routes followed by vadose waters have been made by Gunn (1981 Gunn ( , 1983 , Friederich & Smart (1982) and Smart & Friederich (1987) who reached complementary conclusions. They recognised (a) a spectrum of discharges from slow low volume seepages to variable, sometimes large, flows down open shafts, and (b) a range of discharge volumes and variabilities from almost unvarying low volume seepages to extremely variable flows that responded rapidly to recharge. These characteristics have since become better defined with improved instrumentation. Thus, for example, we now also know that high variability
The role of the epikarst in karst and cave hydrogeology: a review can occur at low discharge and that percolation from speleothems can be sensitive to air pressure changes (Genty & Deflandre, 1998) . Nevertheless, the interpretations made by Smart & Friederich (1987) in their outstanding study of water movement and storage in the epikarst of the Mendip Hills in England remain valid, and their recognition of flow switching when recharge exceeds certain values and of non-linearity of percolation response has been confirmed by other workers (e.g. Baker et al., 2000; Baker & Brunsdon, 2003; Sondag et al., 2003) .
The considerable importance of the epikarst aquifer to karst hydrogeology as a whole is now well recognised. By detaining recharge it moderates floods and attenuates discharge. The suspended aquifer in the epikarst provides a habitat for permanent troglobitic aquatic fauna and a store of water that sustains percolation flow to speleothems in caves and to cave streams over extended dry periods. The aquifer is also appreciated as a significant source of water, many epikarst springs being tapped for local water-supply schemes, especially in China. It is also now recognised as a potential recipient of waste water discharges from the surface, including septic tank seepage; consequently the epikarst is now being factored into vulnerability assessments of available water resources (Doerflinger et al. 1999) . But not all karsts have this suspended aquifer, in some young limestones the epikarst is characterised by a crust of secondary deposition of carbonate that provides a case-hardened lid on a cave, but not a source of water that sustains percolation and stream flow.
